In tumor models, the killing by ganciclovir of a fraction of tumor cells transfected with the thymidine kinase ( TK ) gene has been shown to induce complete regression of the tumor. The mechanism responsible for this bystander effect is thought to be the diffusion of toxic metabolites or apoptotic signals across gap junctions. Connexin 43 ( Cx43 ) is the major component of astrocyte gap junctions. We investigated the susceptibility of two rat glioma cell lines ( CNS1 and C6 ) to thymidine kinase / ganciclovir, before and after transfection with the Cx43 gene. We report a close correlation between the level of Cx43 expression, the extent of gap junctional communication and the amplitude of the bystander effect. Transfection of C6 cells ( which display a weak bystander effect and low levels of connexin ) with a Cx43 construct induced a strong bystander effect. Inhibition of gap junction activity by 18 --glycyrrhetinic acid abolished the metabolic interaction between TK + and TK À cells. This metabolic interaction was also abolished if TK + and TK À cells were separated by a semipermeable membrane. Surprisingly, the transfection of only one of these two interacting cell types with the Cx43 gene was sufficient to induce a bystander effect, although this effect was weaker than that observed if both TK + and TK À cells expressed Cx43. Finally, Cx43 expression increased sensitivity to contact inhibition. Overall, our data provide evidence that the restoration of gap junctional communication may potentiate HSV / tk -based cancer treatment and suggest that this strategy may have wider application in cancer therapy.
I
n normal CNS parenchyma, gap junctions play an important role, facilitating metabolic cooperation between the three main cell types: astrocytes, oligodendrocytes, and neurons. They are also involved in brain homeostasis, facilitating the circulation of metabolites between these cell types in the brain. 1 Impaired gap junctional communication is frequently observed in cancer and probably plays a role in carcinogenesis. Gap junctions are formed by two hemichannels, called connexons, which are in turn composed of six connexin molecules. Connexin 43 (Cx43) is the major constituent of astrocyte gap junctions. 2 Tumors developed from astrocytes are the most frequent type of primary brain tumors. They include glioblastoma ( or astrocytoma grade 4 ), which is the most common and the most malignant. As glioblastoma is highly resistant to radio -and chemotherapy, alternative treatments are required. Gene therapy methods, such as thymidine kinase / ganciclovir (TK /GCV ) treatment, have been applied to glioblastoma treatment. The TK /GCV strategy was found to be more efficient than expected due to a bystander effect, leading to tumor regression after GCV treatment even if the herpes simplex virus thymidine kinase (HSVtk ) gene is expressed by only a minority of tumor cells. 3 This bystander effect involves several different mechanisms. One of these mechanisms is the diffusion of toxic metabolites of GCV across gap junctions. 4 -7 However, glioma cells tend to dedifferentiate and repress the expression of connexins. This may be responsible for the observed absence of a bystander effect in some experiments, resulting in the failure of TK /GCV therapy. We investigated whether increasing the level of expression of gap junctions in glioma cells increased the efficacy of gene therapy or chemotherapy regimens for the treatment of these brain tumors.
We characterized the role of gap junctions in the bystander effect in more detail by analyzing Cx43 expression in two rat glioma cell lines, C6 and CNS1, 8 and by assessing the bystander effect induced by the TK /GCV system. We stably transfected these two cell lines with the HSVtk gene and selected TK + clones on the basis of TK activity. The two cell lines and selected TK + clones were transfected with the Cx43 gene. We evaluated gap junctional communication by assessing cell death after GCV treatment, in mixed cultures of various ratios of TK + and TK À cells, expressing or not expressing Cx43.
Material and methods

Plasmid construction
The rat Cx43 gene, ( kindly provided by D Paul, Harvard Medical School ) was placed under the control of CMV promoter by subcloning into pcDNA3.1 (Invitrogen, San Diego, CA ), which contains the neomycin resistance gene driven by the SV40 promoter. Cell culture and transfection. CNS1 glioma cells ( provided by W Hickey, Lebanon, NH ) developed in Lewis rats, were grown in 10% FCS in RPMI.
8 C6 glioma cells ( developed in Sprague -Dawley rats ) were grown in 10% FCS in DMEM.
Cells stably expressing the HSVtk gene were obtained by the polyethylenimine-mediated transfection of CNS1 and C6 cells 9 with PUT 649 (Cayla, Toulouse, France ), a plasmid that contains the HSVtk gene cloned in frame with the Sh:ble gene conferring resistance to Zeocin 1 . Twentyfour hours after transfection, we harvested the cells and transferred them to 24 -well plates containing 250 g/mL Zeocin 1 in RPMI, in which they were cultured at low density. TK À or TK + CNS1 cells stably expressing Cx43 were obtained by transfection with pcDNA -Cx43, as described above, and selection with 0.7 mg /mL active G418 ( Geneticin 1 , Sigma, St. Quentin -Fallavier, France ).
Bystander effect and inhibition of gap junctions. Mixtures of variable proportions of TK + and TK À cells were grown in 24 -well plates. Ganciclovir (Cimevan 1 , Roche, Meylan, France) was added to the culture at a final concentration of 10 g/ mL after 1 day and the medium was changed every other day. On day 8, cell death was quantified using the MTT test. 10 The doses and duration of GCV treatment were determined in preliminary experiments on CNS1 -TK + and C6 -TK + cells ( data not shown). To block gap junctions, we added 18--glycyrrhetinic acid, an inhibitor of gap junction permeability, or glycyrrhizic acid, an inactive isomer, 11 Immunofluorescence. Cells were grown on chamber slides ( Lab -Tek, Nunc, Roskilde, Denmark ), fixed with methanol / acetone 1:1 (vol / vol ) for 5 minutes and incubated for 1 hour in 0.2% Triton X -100, 10% FCS in PBS. They were then incubated for 1 hour with a polyclonal anti-HSVtk antibody ( provided by W. Summer, Yale University ) or an anti -Cx43 mouse IgG1 mAb ( Zymed, San Francisco, Ca ) each diluted 1 /100 in 0.2% Triton X -100, 2% FCS in PBS. The slides were then washed three times and incubated for 30 minutes with swine FITC-conjugated anti -rabbit Fab2 (Dako, Trappes, France ) and goat FITC -conjugated anti -mouse IgG1 (Caltag Laboratories, San Francisco, CA ).
TK enzymatic assay
We used a modified version of the protocol described by Chen et al. 12 Cells were treated with trypsin, washed with 10% FCS in RPMI, and then with PBS. The cells were centrifuged and the pellet incubated in lysis buffer (10 mM Tris -HCl pH 7.5, 1 mM dithiothreitol, 1 mM EDTA and 20% glycerol ) in the presence of protease inhibitors: pefabloc SC ( 200 g/ mL ), aprotinin (40 g /mL ), and leupeptin (5 g/ mL ) ( Boehringer Mannheim, Meylan, France). Soft lysis was achieved by several brief cycles of freezing and thawing. The lysate was separated from cell debris by centrifugation and protein concentration was GCV mono -, di -, and triphosphate were separated from GCV by thin -layer chromatography on nitrocellulose sheets ( F 1440 /PEI, Schleicher & Schuell, Germany ), which were then developed in 0.5 M LiCl, 2 N acetic acid. Radiolabeled spots were scraped off the plate and counted in a scintillation counter (Beckman, Roissy, France ).
Cancer Gene Therapy
Evaluation of gap junctional communication
Gap junctional communication was evaluated by preloading cells with two fluorescent dyes, calcein and DiI, as previously described. 13 Briefly, cells on plates were loaded Figure 3 Direct visualization of gap junctional communication. Naive C6 ( a, b, c ), or transfected C6 -Cx43 + ( d, e, f ), C6 -Cx43 + TK + ( g, h, i ), or naive CNS1 ( j, k, l ) cells. Cells were prelabeled with DiI ( red ), which does not diffuse (b, e, h, k), and with calcein AM, the hydrolysis product of which diffuses through gap junctions ( green ) ( c, f, i, l ), and then plated ( 1 / 500 ) with unlabeled cells. The prelabeled cells are visible in red; calcein staining of the neighboring cells indicates the presence of intercellular coupling ( f, i, l ), which is not detected with naive C6 cells ( c ). Note that the coupling of CNS1 appears to be more efficient than that of C6 -Cx43 + or C6 -Cx43 + TK + .
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Results
Thymidine kinase activity of transfected clones
After transfection with PUT649, a eukaryotic HSVtk expression vector, and selection with zeomycin, several CNS1 clones expressing HSVtk (TK + ) were obtained. Transfected clones were identified on the basis of positive immunostaining with anti -HSVtk antibody and sensitivity to ganciclovir. The HSVtk activity of each CNS1 TK + clone selected was then quantified by assessing the phosphorylation of tritiated GCV ( Fig 1 ) . CNS1 -Clone 7 was chosen for further studies due to its high TK activity (110 pmol /mg protein per hour ) and because its growth rate was similar to that of nontransfected cells (data not shown ). C6TK cells were obtained and characterized following a similar procedure (not shown ).
Cx43 expression and gap junctional communication
Immunostaining with an anti -Cx43 mAb showed that Cx43 levels were much higher in CNS1 than in C6 ( nontransfected ) cells ( Fig 2a and c ) . C6 cells were then transfected with pcDNA3.1-Cx43 and several clones were selected with G418. Cx43 -transfected C6 cells displayed strong immunostaining with the anti -Cx43 mAb, confirming the strong expression of the Cx43 gene. Cx43 immunolabeling was not restricted to the plasma membrane, but was instead widely distributed in the cytoplasm (Fig 2b ) .
We evaluated gap junctional communication directly by labeling the cells with two dyes. DiI is a lipophilic dye that labels cell membranes and does not diffuse through gap junctions. Calcein AM freely enters cells, where it is converted into calcein by endogenous esterases. Following this modification, the calcein cannot diffuse through the plasma membrane, but is still able to pass across gap junctions. Therefore, the transcellular transfer of calcein is an indicator of functional gap junctional communication. As expected from previous work, there was no detectable transfer of calcein in naive C6 cells, which do not express Cx43 (Fig 3a-c) , contrasting with the high level of transfer in the Cx43-expressing CNS1 cells ( Fig 3j -l) . However, after transfection of the C6 cells with the Cx43 expression vector, calcein transfer to neighboring cells was observed ( Fig 3d-f) . Therefore, although the cytoplasmic distribution of Cx43 immunostaining in C6 -Cx43 cells was unexpected, this result shows that gap junctional communication is functional after transfection with pcDNA -Cx43. Cotransfection of C6 -Cx43 cells with HSVtk construct did not affect acquired junctional communication in C6 cells ( Fig 3g -i) .
To + cells were sensitive to GCV. The inhibition mediated by 18--glycyrrhetinic acid was dose dependent and the maximum effect was observed at a concentration of 50 M, consistent with previous studies.
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No inhibition was observed if 18 --glycyrrhetinic acid was replaced by its inactive isomer, glycyrrhizic acid (Fig 4 ) . Figure 4 The inhibition of gap junctions by 18 --glycyrrhetinic acid abolishes the bystander effect in a coculture of TK + ( 30% ) and TK À ( 70% ) CNS1 cells. Cocultured TK + ( 30% ) and TK À ( 70% ) CNS1 cells were or were not treated with GCV ( 10 mM ) for 1 week, in the presence of various concentrations of 18 --glycyrrhetinic acid, an inhibitor of gap junctional communication, or its inactive isomer, glycyrrhizic acid. GCV + 18 --glycyrrhetinic acid ( ); 18 --glycyrrhetinic acid alone (~); GCV + glycyrrhizic acid ( ! ); glycyrrhizic acid alone ( & ). In the absence of GCV, addition of 18 --glycyrrhetinic acid (~) or glycyrrhizic acid ( & ) to the culture had no effect on cell survival. In the presence of GCV, 100% mortality was observed, confirming a strong bystander effect. The addition of 18 --glycyrrhetinic acid increased cell survival to approximately 70% ( ), suggesting that only TK + cells were killed by the treatment. In contrast, glycyrrhizic acid had no significant effect on survival rate ( ! ). These results suggest that, in vitro at least, the bystander effect is mediated exclusively by functional gap junctions. If naive C6 cells were mixed with C6 -TK + cells, the mortality rate recorded was directly proportional to the percentage of C6 -TK + cells in the culture, demonstrating an absence of metabolic cooperation in the absence of Cx43 -expressing cells ( Fig 5) . This is consistent with the notion that functional gap junctions play an important role in the bystander effect. Similar experiments were then performed with C6 cells transfected with pCDNA3.1 -Cx43 to assess the effect of gap junctional communication on the number of cells killed. The addition of 25% C6 -Cx43 + TK + cells ( ''donor cells'') to C6 -Cx43 + cells (''receiver cells'' ) resulted in a mortality rate of 80%, 3.2 times higher than that of naive C6 cells ( Fig 5) . A significant increase in cell mortality rate by a factor of 2.5 was observed if the acceptor ( C6 -Cx43 + ) cells expressed the connexin but the donor (C6-TK + ) cells did not. In the reverse experiment ( i.e., 25% C6 -Cx43 + TK + mixed with naive C6 cells ), an increase in cell mortality rate by a factor of 1.6 was observed. This increase was not statistically significant ( Fig 5 ) . These data suggest that the expression of Cx43 by the TK À ( ''receiver'') cells alone renders these cells more sensitive to ganciclovir.
Concentration of 18 AG or AG
Bystander effect is dependent on intercellular contacts
We then investigated whether the sensitivity to ganciclovir of C6 ) . These results confirm that intercellular contacts are required for the bystander effect.
Discussion
Demonstration of the bystander effect has made the treatment of tumors by suicide gene therapy appear very promising. 14, 15 However, the amplitude of this effect varies from one cell type to another, rendering the outcome of clinical application largely unpredictable. 16 The clear difference in the bystander effects reported here for C6 and CNS1 glioma cell lines illustrates this point.
As the efficacy of HSVtk /GCV in clinical application depends largely on the bystander effect, it is important to investigate the molecular basis of the mechanism underlying this effect. Our findings strongly suggest that the bystander effect is not mediated by an extracellular soluble factor and that this effect requires intercellular contact. 17 The phagocytosis by surrounding cells of apoptotic vesicles (generated by dying modified cells ) has been demonstrated and apoptosis seems to be involved in cell death mediated by the bystander effect. 18 However, there is no evidence that these apoptotic bodies are themselves cytotoxic. 17 In contrast, evidence is accumulating that cellular communication through gap junctions plays a key role in bystander killing. The transfer of phosphorylated GCV from TK + to TK À cells is correlated with the extent of cell death mediated by the bystander effect and there is strong evidence that this transfer is mediated by gap junctions. 4, 6, 7, 19, 20 Gap junctions allow the passage of molecules less than 1 kDa in size, such as triphosphorylated GCV, the molecular + -transfected TK À cells are killed by ganciclovir treatment ( 4 ). In this case, however, the bystander effect is weaker than that observed if both TK + and TK À express Cx43.
Cancer Gene Therapy ( Fig 3 ) . We also demonstrated that the bystander effect could be induced in C6 cells by transfection with Cx43 and that optimal metabolic cooperation between TK + and TK À cells requires the expression of connexins by both donor and receiver cell populations. The inhibition of intercellular communication by 18--glycyrrhetinic (18GA ) abolished the bystander effect, suggesting that in vitro the bystander effect is mediated exclusively by gap junctions (Fig 4 ) .
Nevertheless, a mild bystander effect was observed if the receiver TK À population expressed connexin (Fig 5 ) . There are several possible nonmutually exclusive reasons for the mild bystander effect induced by the unilateral expression of gap junctions. Firstly, Cx43
+ clones may grow more slowly; however, no difference in growth rate was observed between the various clones (data not shown ). Secondly, phosphorylated GCV (or any other cytotoxic mediator ), may be transferred through a hemichannel. The uptake of dye through nonjunctional Cx43 hemichannels has been demonstrated in transfected HeLa cells. 21 In contrast, no significant uptake of dye into C6Cx43 cells was observed if cells were incubated at low density in the presence of carboxyfluorescein or lucifer yellow (data not shown ). This hypothesis is also ruled out by the survival of Cx43 + TK À cells separated from TK + cells by a semipermeable membrane. Thirdly, there may be unidirectional coupling of heterotypic gap junctions formed from two different members of the connexin family, as previously shown. 22 Although Cx43 is the major component of astrocyte gap junctions, another connexin may be expressed in C6 cells. This other connexin may form heterotypic gap junctions with Cx43, allowing the unidirectional transfer of phosphorylated GCV. Finally, our results may be accounted for by the amplification, through gap junctions, of an otherwise undetectable bystander effect. Weak coupling between TK + and TK À cells may allow the transfer of phosphorylated GCV to a small percentage of TK À cells. Coupling between TK À cells may then amplify this metabolic cooperation. It has been shown in cultured astrocytes that gap junctions can mediate the propagation of a death signal between dying and healthy cells. Therefore, the apoptosis of several cells may be a ''contagious'' process, spread by signals passing through gap junctions. 23 Any TK /GCV-based clinical trial should include an evaluation of connexin expression and a study of gap junctional communication in the tumor before gene transfer is performed. Unfortunately, connexin expression is frequently lost in cancer: gap junctions are present in normal tissues, but are absent, or almost so, in many tumors. The loss of gap junctions appears to be a serious limitation in prodrug /enzyme treatment for cancer because current results suggest that the in vitro bystander effect depends exclusively on intercellular communication. However, it may be possible to find ways to induce the expression of gap junctions. Sufficiently high levels of connexin expression are unlikely to be achieved by transfection in vivo because optimal metabolic cooperation between TK + and TK À cells requires connexin expression in both these cell types. In vivo, retroviral Cx43 gene transfer enhances the bystander effect only slightly, even if very large numbers of retrovirusproducing cells are injected with tumor cells. 24 Therefore, the pharmacological induction of gap junction expression is probably a more realistic alternative strategy. 25 The loss of intercellular communication appears to be a selective advantage for cancer cells for at least two reasons. Firstly, it is correlated with genetic instability. 26 Secondly,the transfection of tumor cells with the connexin gene has been reported to decrease proliferation, preventing tumor formation. 27, 28 We observed no difference in growth rate between Cx43-transfected cells and controls. However, Cx43-expressing cells reached lower saturation densities than the controls and, at confluence, Cx43 -transfected C6 cells had a tendency to become detached, whereas control cells proliferated one on top of the other, displaying a multilayer growth pattern. These results suggest that Cx43 can abolish the sensitivity of tumor cells to density factors. This effect may be mediated by gap junctional communication, which is considered to play a key role in the maintenance of homeostasis. The transformation of cell lines with certain oncogenes, such as the Src tyrosine kinase and activated EGFR genes, is associated with the disruption of gap junctional communication, confirming that a loss of gap junctional communication is one of the features of the transformed phenotype. 29 In conclusion, we provide evidence that the bystander effect observed in TK /GCV-based treatment of glioma appears to be exclusively mediated by gap junctions in vitro. The degree of coupling, not only between ( TK + ) donor and (TK À ) receiver cells, but also between TK À cells themselves, is critical. Therefore, the level of connexin expression could be evaluated as a predictor of the amplitude of the bystander effect. 30 The restoration of Cx43 levels in gliomas with low levels of this connexin should be considered as it might induce a bystander effect or normalize tumor cell growth. Manipulations of this type may be of value in the treatment of malignant glioma.
